Introduction
[2] In addition to HNO 3 and H 2 SO 4 , HCl represents the third mineral acid contributing to the acidity of precipitation and is one of the major constituents of reactive atmospheric chlorine. Some large uncertainties still exist on the strength of HCl sources, which include continental (passive volcanic emissions, biomass burning, coal combustion, and waste incineration) and oceanic (dechlorination of sea-salt aerosol) emissions [Keene et al., 1999, and references therein] .
In addition to these primary emissions the chlorocarbons oxidation was recently proposed as a significant source of HCl for the global background atmosphere [Sanhueza, 2001] . Due to these uncertainties it remains difficult to evaluate to what extent anthropogenic processes may dominate natural HCl emissions. Such gaps stimulate the studies of HCl in ice cores extracted from glaciers located in continental midlatitude regions as well as from drill sites more exposed to marine influence, such as at the Greenland ice cap.
[3] Greenland ice core studies have inferred a trend of HCl over the last few decades [Mayewski et al., 1993; Fischer, 1997] , but the cause of this change remains unclear (growing primary HCl emissions from industrialized regions of the Northern Hemisphere or enhanced sea-salt dechlorination by increasing acidification of the atmosphere). In these studies the HCl content of ice was evaluated by using either total Na + [Fischer, 1997] or total Na + corrected from its soil contribution (using calcium) [Mayewski et al., 1993] as a tracer of sea salt and has assumed that sea-salt aerosol contains Cl À and Na + in similar proportion than in seawater. However, it remains unclear if this last assumption is valid and if other Cl À containing particles emitted from continents can be neglected in these calculations.
[4] A recent study of the HCl (using total Na + as a tracer of sea salt and the seawater Cl À /Na + ratio) in an Alpine ice core extracted in the Monte Rosa massif revealed an increase of annual levels from 1965 to 1985 [Eichler et al., 2000] . This annual change was attributed to the development of HCl emissions from waste incineration from the Swiss Plateau, suggesting a poor spatial representativeness of Alpine ice records for this species. However, the detailed examination of the spatial representativeness of Alpine ice records requires the separation of winter and summer trends that are representative of different air masses (tropospheric background in winter versus boundary layer in summer) [Preunkert et al., 2001b] .
[5] In this paper, on the basis of examination of Cl À and Na + as well as Ca 2+ , we first examine in more detail the origins of particulate Cl À and Na + present in snow layers deposited at high-elevation Alpine and Greenland sites. On the basis of a more accurate estimate of the HCl level in these snow layers, we then examine the long-term seasonally resolved changes of HCl since the beginning of the 20th century over Europe and central Greenland. That permits us to discuss the relative contribution of natural versus anthropogenic sources to the HCl budget and to evaluate the major anthropogenic processes influencing these marine and continental remote atmospheres.
Drill Site Characteristics, Ice Core Dating, and Analyses
[6] A 126 m long ice core extracted in 1994 at Col du Dôme (CDD) (4250 m above sea level (asl), located near the Mont Blanc summit), was analyzed for major ions (Na + , NH 4 + , Ca 2+ , Cl À , NO 3 À , and SO 4 2À ) with a seasonal resolution. This was performed at the Laboratoire de Glaciologie et Géophysique de l'Environnement (LGGE) along the upper 117 m of the core (1050 samples) which correspond to the well-dated part of the core (75 ± 5 years) [Preunkert et al., 2000] and from 117 to 126 m depth at the Institut für Umweltphysik (IUP) (Figure 1 ). For major ion determinations the ion chromatography accuracy is typically 5%. CDD ice samples were cleaned at LGGE by using an electric plane device previously developed at IUP [Fischer et al., 1998 ]. The validity of the decontamination procedure was tested by checking blank values obtained on pieces of frozen ultrapure water. Mean blank values (11 samples) obtained at LGGE were 0.4 ± 0.3 ng g À1 for Cl À , 0.6 ± 0.3 ng g À1 for Na + , and 4.3 ± 2.1 ng g À1 for Ca 2+ .
Mean blank values ($40 samples) obtained at IUP using an autosampler were slightly higher, 1.7 ± 1.4 ng g À1 for Cl À , 1.3 ± 1.0 ng g À1 for Na + , and 3.2 ± 3.4 ng g À1 for Ca
2+
. Hence data obtained on the bottom part of the CDD core were corrected for these blank values. The Summit core was cleaned using a lathe developed at LGGE . Owing to the larger ice fraction removed by this procedure from the entire core (instead of lamellae from the CDD ice core), all ions blank values corresponding to the decontamination step were found insignificant for the Summit core.
[7] Along the CDD ice core, annual layer thickness ranges from 3 to 0.2 m water equivalent (mwe) from the surface to a depth of 90 mwe (i.e., 117 m depth) [Preunkert et al., 2000] . The studies of seasonal variations of NH 4 + [Preunkert et al., 2000] , F À [Preunkert et al., 2001a] and SO 4 2À [Preunkert et al., 2001b] indicate that seasonally resolved records are here available for these species until 1925. Such well-marked seasonal changes characterized by summer maxima reflect distinct seasonal atmospheric conditions prevailing there due to the presence or absence of upward advection of air masses from the boundary layer in Figure 1 . High-resolution depth profiles (in meters water equivalent (mwe)) of chloride, sodium, and calcium along the upper 90 mwe of the 1994 Col du Dôme (CDD) core. The dating reported on the top refers to Preunkert et al. [2000] .
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4 -2 summer and winter [Baltensperger et al., 1997; Preunkert and Wagenbach, 1998 ]. This summer/winter contrast leads to different source region apportionment at the site as shown for sulfate (a part of western Europe in summer instead of total Europe in winter) [Preunkert et al., 2001b] . For Cl À we found (Figure 2 ) summer maxima with summer to winter ratios of 2 -3 over the 1925 -1935, 1945 -1955, and 1985 -1995 time periods. [8] We also examined a high-resolution chemical record (470 samples) extracted from a Summit (central Greenland) ice core (Figure 3 ). The dating of this ice core indicates an annual snow accumulation close to 0.23 mwe and a possible error of 2 years over the time period from 1870 to 1992 [Legrand and De Angelis, 1996] . A specific difficulty dealing with the HCl record in ice cores extracted in polar regions characterized by low snow accumulation with respect to the situation at midlatitude glaciers comes from the fact that this species is present in the atmosphere in the gas phase, which may be remobilized after deposition and during firnification [De Angelis and Legrand, 1995; Legrand and Mayewski, 1997] . It was shown that this process is particularly important at sites where the annual snow accumulation rate is as low as 0.03 mwe. However, Stanzick [2001] investigated the spatial variability of prebomb 36 Cl levels and bomb 36 Cl inventories in central Greenland over a large snow accumulation range (down to 0.10 mwe per year) and found no significant losses. Since 36 Cl is expected to be deposited in the form of HCl, we may neglect re-emissions of this species at Summit. On the basis of examination of the seasonal variations of Na + , NH 4 + , and Ca 2+ contents and following previous works [Whitlow et al., 1992; Legrand and Mayewski, 1997; Fischer et al., 1998 ], we assigned three seasons: spring characterized by Ca 2+ maximum, summer characterized by Na + and Ca 2+ minima, and winter characterized by Na + maximum and NH 4 + minimum. At that site the Cl À level exhibits a winter/spring maximum ( Figure 2 ) with a mean winter/spring to summer ratio close to two. A 44-year record of 10-day back trajectories at 500 hPa suggests that air masses arriving at Summit in winter and spring correspond to transport from North America as well as from Asia/Europe [Kahl et al., 1997] . Most of the time, in summer, air masses arriving above Summit come from North America, these shorter trajectories being related to a less vigorous circulation in summer than in winter/spring.
Evaluation of HCl and Aerosol-Derived Chloride Levels in Ice Cores

Evaluation of HCl Levels
[9] Cl À is incorporated in precipitation as HCl as well as various Cl À containing aerosols. The simplest example is the case of a marine precipitation for which, as far as the aerosol input from continents can be neglected, it is legitimate to assume that Cl À is mainly provided as HCl and seasalt aerosol. In this case the amount of HCl can be derived by subtracting the sea-salt chloride contribution to total chloride as follows:
Here Na m + is the marine sodium (identical to the total sodium in the absence of significant continental input) and q (q < 1) refers to the fractionation factor considering a possible deviation of the chloride to sodium ratio in sea-salt aerosol from the respective seawater mass ratio (1.8).
[10] In continental precipitation the sea spray chloride contribution is weaker, and the problem becomes much more complex since this use of sea-salt correction is biased by the presence of leachable sodium in continental input Legrand and Delmas, 1988] , and chloride containing aerosols may also originate from soil weathering and halide evaporites. Furthermore, Simeonov et al. [1999] suggested that a significant fraction of Cl À and Na + present in precipitation from central Austria comes from manure-fertilized field emissions, which are rich in Na + and Cl À (sodium to chloride mass ratio of 1.6) and poor in Ca 2+ .
[11] The aerosol-derived Cl À fraction in continental precipitation would depend on Na + and Ca 2+ levels since Na + is mainly present in halide components (sea spray, evaporites, and manure-fertilized fields emissions) and Ca 2+ in soils. We therefore examine the dependence of Cl À to Na + and Ca
]) in snow layers deposited before 1955, a period over which the anthropogenic Cl À input, mostly related to coal combustion, remained moderate (see section 4). This Figure 3 . High-resolution profiles of chloride, sodium, and calcium along a Summit (central Greenland) ice core spanning the 1870 -1993 time period. The dating of this core reported on the bottom refers to Legrand and De Angelis [1996] . Stars reported on the chloride profile refer to snow layers regarded as contaminated by volcanic inputs (see section 3.3). 
[12] Because of the poor accuracy of the multiple regression for summer Summit snow layers (R 2 = 0.36, Table 1 ), we used k Na and k Ca spring values for calculating HCl levels in both spring and summer layers. The low Na + and Ca 2+ levels in summer layers (Table 2) would, however, lead only to small differences on the HCl evaluation. Depending on sites and seasons, the k Na values significantly differ from the Cl À /Na + seawater ratio of 1.8, which was employed in the previous studies of HCl in ice cores. The use of the conventional sea-salt correction (equation (1) with q = 1) produces a significant bias on the results. For instance, the mean HCl level of summer CDD layers calculated using this conventional correction is 3 ng g À1 lower than the one calculated by using equation (2).
[13] Of particular importance is the estimate of uncertainties when dealing with the low-impurity content which characterizes deposition at remote regions. These uncertainties are usually dominated by the analytical accuracy (i.e., here Cl À , Na + , and Ca 2+ ), which accounts for 5% accuracy and blank standard deviations. An additional uncertainty in evaluating HCl content is related to the uncertainties in the coefficients (k Na and k Ca ) reported in Table 1 . The resulting errors have been estimated by state of the art error propagation calculations.
[14] The estimated mean half-year HCl levels of summer and winter CDD snow layers are plotted in Figure 4 along with their uncertainties. The uncertainties are typically close to ±3.5 ng g À1 (±2.7 ng g À1 when samples suspected to contain Saharan dust are not considered) in summer and ±1.5 ng g À1 in winter. In summer they mainly result from analytical errors in Na + and Cl À determinations. Larger uncertainties are encountered for years during which samples suspected to contain Saharan dust input are present (as in 1989, Figure 4 ). In winter, due to lower Cl À and Na + levels than in summer (Table 3) , the uncertainties are resulting from both the accuracy of Na + and Cl À determinations and the blank variability for these two species. Note that in spite of fewer samples containing Saharan dust in the bottom of the CDD core, the standard error of HCl evaluation is there relatively high (±3.5 ng g À1 ) due to a larger standard deviation of Cl À and Na + blank values corresponding to this set of analysis, as emphasized in section 2. In Greenland the uncertainties (not shown) are close to ±1.5 ng g À1 in spring and ±0.5 ng g À1 in summer. [15] In this section we examine the meaning of the k Na and k Ca coefficients derived from the multiple regressions (Table 1) in terms of origins of aerosol-derived chloride and sodium present in snow layers deposited at the two drill sites. Using Ca 2+ and Na + as tracers of the input related to soil weathering and halide components (sea spray, evaporites, and possibly manure-fertilized fields emissions), respectively, the Cl À level of snow layers can be expressed as
Aerosol-Derived Sodium and Chloride in Alpine and Greenland Snow Layers
where g is the mean chloride to sodium mass ratio in the halide components, and a and b are the sodium to calcium and chloride to calcium mass ratios in soils (leachable fractions), respectively.
[16] At CDD in summer, comparison of the coefficients of the multiple regression and equation (3) indicates a Cl À /Na + mass ratio g (identical to k Na ) of 1.465. The examination of the linear relation between Na + and Ca 2+ in snow layers deposited at CDD in summer ( Figure 5 ) shows that, in addition to the input related to soil weathering, other sodium sources (sea spray, evaporites from continents, and possibly manure-fertilized fields) contribute there to the Na + budget as suggested by the relatively low correlation coefficient (R 2 = 0.59) and the nonzero y intercept ($7 ng g À1 ). The slope of the regression reported in Figure 5 suggests a typical Na Table 3 ) of summer CDD snow layers deposited between 1925 and 1995, of which soils and halides contribute in similar proportion (47 and 34%, respectively), the remaining fraction (19%) being related to the presence of HCl.
[17] In winter at CDD, due to a lower input from soils as depicted by the Ca 2+ content of 5 ng g À1 (instead of 55 ng g À1 in summer; Table 3 ), the Cl À related to halide components dominates (70%) the total Cl À level of 10 ng g
À1
. The fraction of Na + coming with halide components is almost two times larger in summer than in winter (Table 3) . Since sea spray emissions are higher in winter than in summer, the observed reverse seasonal change for the sea spray/evaporite Na + fraction suggests that in summer, as a result of an efficient upward transport from the continental boundary layer, halide (evaporite and possibly manure-fertilized field) 8 ± 5 2 ± 1 (7 ± 4) (2 ± 1) Nonsoil Na + 7 ± 5 2 ± 1 (6 ± 4) (2 ± 1) Cl À 17 ± 8 8 ± 5 (14 ± 6) (6 ± 2) HCl 6 ± 4 5 ± 5 (4.5 ± 2.5) (3.5 ± 2.0) Ca 2+ 15 ± 7 3 ± 2 (14 ± 5) (3 ± 2) a For calculations of nonsoil contributions of sodium, as well as HCl, see section 3. Values in parentheses correspond to the snow layers deposited prior to 1955.
emissions dominate this sodium fraction, while in winter, due to a more active cyclogenis over the Atlantic ocean, sea spray likely dominates. Note that the g value of 1.74 suggests a limited sea-salt aerosol fractionation at that season. As depicted in Figure 2, 15 ± 13 5 ± 7 (14 ± 9) (4 ± 5) Nonsoil Na + 7 ± 8 4 ± 7 (7 ± 7) (3 ± 5) Cl À 30 ± 23 10 ± 14 (25 ± 14) (8 ± 9) HCl 7 ± 12 1 ± 3 (3.5 ± 6) (0 ± 2) Ca calculate a b value of 0.13. Cl À present in Summit spring snow layers originates in soils (12%) and halides (thought to be dominated there by sea spray) (50%), the remaining part being related to HCl (38%). In summer the sea spray and soil contributions are lower than in spring, as depicted by the Na + and Ca 2+ contents ( Table 2) . As a result, the contribution of particulate chloride is weaker ($30% for sea spray and $10% for soil), and 2/3 of Cl À are related to the presence of HCl at that season.
Impact of Saharan Dust in the Alps and Volcanic Eruptions in Greenland
[19] Saharan dust plumes can sporadically reach the Alps and disturb the snow chemistry [Wagenbach et al., 1996] . Ninety-eight summer and four winter samples were identified (alkaline Ca 2+ -rich layers) along the CDD core as contaminated by Saharan dust by Preunkert et al. [2001a] .
[20] To calculate the HCl levels in these layers, we need to know the amount of Na + and Cl À present in Saharan dust material reaching Alpine sites. Talbot et al. [1986] indicate that Na + is 2 times more abundant than K + in these snow layers, which is in very good agreement with the composition reported by Talbot et al. [1986] . On the basis of Na + and Cl À data from Talbot et al. [1986] Figure 3 , some of these events also appear to disturb the background Cl À levels by a few tens of ng g À1 , in particular, in 1873 (the Grimsvotn eruption in Iceland) and at the beginning of the 20th century (several eruptions including the Katmai one in Alaska in 1912/1913). In the following, all of these snow layers were discarded in examining the long-term trend.
The Alpine HCl Trends at Col du Dôme
CDD Summer Trend
[22] To examine the long-term summer trend of HCl, we smoothed summer means reported in Figure 4 by using single spectrum analysis (SSA) with a time window of 5 years ( Figure 6 ). As discussed in detail by Preunkert et al. [2001b] , in spite of a very uncertain dating, the CDD snow layers located between 90.3 and 95.3 mwe depth closely correspond to the preindustrial condition at this site. An overall mean summer HCl level of 0.2 ± 2.7 ng g À1 is calculated for these preindustrial CDD ice layers. Out of 12 summer means, 8 exhibit negative values (from À1 to À3 ng g À1 with an uncertainty of 3.5 ng g À1 ), and 4 are positive (from 1 to 6 ng g À1 ), of which 2 are significantly different from zero with respect to their uncertainties. That suggests the existence of a natural HCl level in summer ranging between 0 and 6 ng g
À1
. From 1925 From to 1965 , smoothed values fluctuated between 3 and 9 ng g À1 (Figure 6 ), significantly exceeding the mean preindustrial level of 0.2 ng g À1 . After 1965, HCl levels were sharply enhanced, reaching a plateau value of 16 -18 ng g À1 between 1972 and 1980. In the following we examine the role of anthropogenic processes having disturbed the natural HCl level of summer ice at high-elevation Alpine sites. 4.1.1. Coal burning contribution
[23] Both S and Cl are present at significant levels in coal. During combustion most sulfur emitted to the atmosphere is in the form of SO 2 , but a certain fraction of the S content is retained in ash. For chloride the amount of particulate versus HCl emissions is not well known and may depend of the combustion process [McCulloch et al., 1999] . Also, a fraction of Cl can be retained in ash. Assuming that a similar fraction of Cl and S is retained in ash during the combustion and that Cl is mainly released into the atmosphere in the form of HCl, annual HCl emission (E Cl ) can be calculated from the Cl (C Cl ) and S (C S ) contents of employed coal and from annual S coal burning emissions (E S ) following
[24] Comparing the long-term trend of the anthropogenic sulfate fraction (evaluated by subtracting the natural background SO 4 2À level of 80 ng g À1 from the total SO 4 2À level) in summer CDD layers with past SO 2 anthropogenic emissions in western Europe, Preunkert et al., [2001b] derived a main influence of SO 2 emissions from regions located within 700-1000 km from the Alps with a major contribution from France, Spain, Italy, and Switzerland. Chlorine and sulfur contents of employed hard and brown coals have [1999] and Lefohn et al. [1999] . For these four countries the mean chlorine and sulfur contents are 0.11 ± 0.01% and 0.7 ± 0.2% in hard coal, respectively. For brown coal the Cl and S content are 0.04 ± 0.02% and 1.5 ± 0.5%, respectively. Lefohn et al.
[1999] also documented the annual sulfur emissions from hard and brown coal combustion in individual countries since 1850. Applying equation (4) to France, Italy, Spain, and Switzerland, we derive annual HCl emissions (E Cl ) related to coal combustion. The contribution of coal combustion to HCl levels in CDD ice can be then estimated from the level of anthropogenic SO 4 2À observed in summer CDD ice layers which are related to solid and liquid fuel combustion following
where E sulfate is the total anthropogenic annual SO 4 2À emission, including solid and liquid fuel contribution (E sulfate derived from Mylona [1996] ), E Cl is the annual chloride emission calculated from equation (4), and d is the factor that refers to change of atmospheric HCl/SO 4 ratio between emission and deposition at the site.
[25] Since the atmospheric fate of HCl and SO 2 are not identical with respect to wet and dry deposition processes and considering the subsequent SO 2 to SO 4 conversion, the atmospheric HCl/SO 4 ratio is not conservative after emissions and the d value would be higher than unit. As seen in Figure 6 , using a d value of 1, we calculated a coal burning contribution close to 8 ng g À1 in 1955, whereas the HCl level in the corresponding snow layers was close to 5 ng g
, suggesting a change of the HCl/SO 4 ratio between emission and deposition by at least a factor of 1.6. This d value represents a lower estimate since the assumption made here that no other sources contribute to the HCl CDD levels is not necessarily valid (see section 4.1.2). Preunkert et al.
[2001a] proposed a change by a factor of 2.2 between emission and deposition for the fluoride to sulfate ratio, which may be relevant for HCl as well since a similar atmospheric lifetime for HCl and HF is realistic. That is also consistent with a mean HCl lifetime of 1 -2 days in the boundary layer proposed by Graedel and Keene [1995] , compared with a lifetime of 4 days for sulfate [Chin et al., 1996] . Applying this d value of 2.2 in equation (5), we calculated a mean coal burning contribution of 2.9 ± 0.6 ng g À1 to the HCl level of summer CDD layers deposited between 1925 and 1965 . From 1965 this contribution remained constant (2.6 ± 0.5 ng g À1 ; Figure 6 ) with respect to the one from 1925 to 1965. This is in accordance with stabilized consumption of hard and brown coal in France, Italy, Spain, and Switzerland.
Natural HCl inputs
[26] From 1925 to 1965 the residual (non coal burning) HCl fraction calculated by subtracting the coal burning contribution to the total level of HCl (Figure 6 ) is of 2.7 ± 1.7 ng g À1 . Prior to 1965 the major anthropogenic HCl source is likely coal burning, and the residual HCl fraction would likely be of natural origin. Thus the examination of the bottom part of the CDD core as well as the trend between 1925 and 1965 suggests the significant contribution of a natural HCl source in summer at that site.
[27] On a global scale, main natural sources of HCl include volcanoes, biomass burning, and sea-salt dechlorination . It is unlikely that volcanoes contribute significantly to the HCl budget at high-elevation Alpine sites. For volcanic emissions, Graedel and Keene [1995] adopted an averaged global flux of 2 megatons (Mt) yr À1 , which remains 2 times lower than the annual release from coal burning in 1990 (4.6 Mt yr À1 ) [McCulloch et al., 1999] . Volcanic emissions take place far away from the Alps and even the Mt. Etna (Sicily) was found to have no significant impact on the CDD fluoride record [Preunkert et al., 2001a] . It is therefore unlikely that volcanic emissions represent the main natural source of HCl over the Alps. The sea-salt dechlorination represents on a global scale a large source of HCl (50 Mt yr À1 ) [Graedel and Keene, 1995] . Due to larger amount of sea-salt aerosol and high levels of HNO 3 , SO 2 , and N 2 O 5 in winter than in summer, this source is likely more active in winter than in summer [Erickson et al., 1999] . Given the low winter HCl levels in CDD ice (close to zero between 1925 and 1965, Figure 6 ), it is therefore unlikely that the natural sea-salt dechlorination represents a major source for HCl present in summer Alpine ice. Furthermore, as discussed in section 4.1.3, the recent change of HCl levels does not follow the course of the enhancement of the acidity, which would have strengthened the sea-salt dechlorination.
[28] Therefore, biomass burning, which on a global scale would emit up to 6.3 Mt yr À1 of HCl [Lobert et al., 1999] , may be a possible candidate. Using estimates from Lobert et al. [1999] for the 1980s, we calculated an annual biomass burning HCl emission of 0.02 Mt provided by France, Spain, Italy, and Switzerland. As argued by Lobert et al. [1999] , very little quantitative information is available about long-term trend of biomass burning, and recent data tend to suggest that biomass burning may currently not be increasing at all. Assuming such an absence of temporal trend in biomass burning at temperate latitudes, the 0.02 Mt of HCl emitted annually by biomass burning are 6 times weaker than annual emissions from coal combustion ($0.12 Mt) in 1955. However, biomass burning emissions may have a larger impact on HCl summer levels because they are more intense during the dry season opposite to coal burning emissions, which were likely far more important in winter. The large interannual variability of residual HCl levels seen between 1925 and 1965 (also suggested by investigations made on the bottom part of the core) is consistent with the expected large interannual variability of this source. Note also that the large residual HCl levels seen in the late 1940s ( Figure 6 ) correspond to a period of unusually warm summer seasons in countries around the Alps [Boehm et al., 2001] .
[29] Sanhueza [2001] proposed that the present-day chlorocarbons oxidation would produce up to 4.2 Mt of HCl per year in the background atmosphere, more than a half being related to the oxidation of methyl chloride. The author estimated that 50% of this HCl comes from anthropogenic sources of chlorocarbons. Since most of chlorocarbons are long-lived species (e.g., 1.5 years for CH 3 Cl), we would expect little interannual variability of this source. The residual HCl levels of summer snow layers deposited at CDD remained close to 1 ng g À1 over several years in the 1930s and late 1950s (Figure 6 ). Thus, if it exists, the natural contribution of chlorocarbon oxidation to the HCl budget would not exceed 1 ng g À1 in summer CDD snow layers.
Other anthropogenic inputs
[30] Being close to 8 ng g À1 in 1965, HCl summer levels in CDD ice were enhanced to 17-18 ng g À1 between 1970 and 1980 and then decreased to 15 ng g À1 in 1990 ( Figure  6 ). The present-day contribution of chlorocarbon oxidation would not exceed 2 ng g À1 , referring to the upper limit of 1 ng g À1 derived for the 1925-1965 time period and assuming a doubling of chlorocarbon emissions between 1950 and present [Sanhueza, 2001] . Thus the increase seen in Figure  6 would be related to another anthropogenic input. Table 4 we summarized the estimated contribution of biomass burning, coal combustion, waste incinerator, and chlorocarbon oxidation to the summer budget of HCl in CDD snow layers deposited in the 1980s. In the 1980s the mean HCl level of CDD snow layers was close to 15.5 ng g À1 , of which 2.6 ng g À1 would be related to coal burning emissions. The HCl fraction related to waste incineration plus biomass burning emissions is close to 12.9 ng g À1 . Assuming a mean contribution of 2.7 ± 1.7 for biomass burning (i.e., similar to the one calculated for the 1925-1960 time period), that indicates that in the 1980s the waste incineration contribution reached 10 ng g À1 if the chlorocarbon oxidation was neglected.
[32] In Table 4 we report annual global emissions as well summertime emissions at the scale of western Europe (France, Italy, Spain, and Switzerland). For the latter we assumed that biomass burning emissions mainly take place in summer, coal burning emissions are two times larger in winter than in summer, and waste incineration emissions are well distributed over the year. Given the lifetime of several months of chlorocarbons and referring to a proposed lifetime of 1 -2 months for HCl in the free troposphere [Graedel and Keene, 1995] , we have assumed that the HCl production from the chlorocarbon oxidation is homogeneously distributed over the world.
[33] The contribution of biomass burning and coal combustion to the HCl budget at CDD in summer are similar, which remains consistent within a factor of 2 with the estimates of summer emissions from these two sources over western Europe (Table 4) . Note, however, that the emission of 0.02 Mt from biomass burning is though to represent an upper limit [Lobert et al., 1999] . The contribution from waste incineration is found to be 3 -4 times larger than the coal burning emissions, whereas summer emissions from waste incineration are estimated to be similar to the coal burning ones. Although the HCl production from the chlorocarbon oxidation is 2 -4 times weaker than sources located at the surface, due to an HCl lifetime of 1 -2 months in the free troposphere compared with 1 -2 days in the boundary layer [Graedel and Keene, 1995] , we would expect a larger impact of this process, which acts upon the whole troposphere. Since the chlorocarbon atmospheric burden is reasonably well known, such a discrepancy suggests that estimates of this source have overestimated the hydrochloric production in the employed chemical schemes.
CDD Winter Trend
[34] Because of the lack of some individual means (Figure 4) , we examined the winter trend by applying a robust spline smoothing [Bloomfield and Steiger, 1983] . The HCl winter means at CDD are mostly not significantly different from zero with respect to uncertainties (Figure 4) . The smoothed profile (Figure 6 ) suggests that, if it exists, a trend mainly occurred after 1965. The contribution of coal combustion to the HCl level of winter CDD ice can be estimated from equation (5) using the natural background sulfate level of 20 ng g À1 (instead of 80 ng g À1 for summer) [Preunkert et al., 2001b] . E sulfate and E Cl values used in equation (5) were calculated by assuming that all countries of western and eastern Europe contribute to the impurities content of winter CDD snow layers as suggested by Preunkert et al. [2001b] . As seen in Figure 6 , the coal burning emissions only account for 0.3 ng g À1 (i.e., <15%) of the HCl budget of winter CDD snow layers deposited between 1970 and 1980. Referring to the summer to winter ratio of anthropogenic sulfate levels seen in CDD (close to 10) [Preunkert et al., 2001b] , the 15 ng g À1 of residual HCl in summer between 1970 and 1980 would correspond to a winter level of 1.5 ng g
À1
, which is consistent with the observed winter levels at that time ( Figure 6 ). Note, however, that the mean winter HCl level observed over very recent years (1998-2000) (2.2 ± 0.6 ng g
) exceeds what is expected ($0.6 ng g
) with regard to the corresponding level in summer (6.2 ± 5.8 ng g
). Thus, although needing to be confirmed by further studies, the HCl winter trend after 1965 suggests a limited contamination of the free troposphere by waste incineration emissions.
[35] At the low level of 1 -2 ng g À1 encountered, we may consider stratospheric HCl as a potential source to the inferred winter snow HCl levels as well. Since most of the modern stratospheric HCl inventory can be attributed to the CFC degradation, a systematic increase of this contribution is expected after the 1960s as well. We estimated the maximum fraction of stratospheric HCl deposited at high Alpine glacier sites via the cosmogenic 36 36 Cl concentration in CDD firn, Q HCl is the stratospheric HCl inventory, P is the 36 Cl production rate, and t is the mean residence time of 36 Cl in the stratosphere.
[36] We derived a stratospheric HCl inventory Q of 4 Â 10 11 grams from the vertical HCl profile given by Zander et al. [1990] for 1985 and deployed the global production rate (P) from latest compilation by Masarik and Beer [1999] Synal et al. [1997] from Fischerhorn (an Alpine ice core drill site with comparably high snow accumulation rate as at CDD) and by correcting these data from a small bomb-produced 36 Cl excess via Greenland records [Synal et al., 1990] extending into the prebomb era. Adopting a mean residence time t of 1 year, we thus arrive at a typical Cl level at CDD derived from the stratosphere of around 0.9 ng g À1 . This crude estimate may be uncertain at least by a factor of 2, mainly arising from the production rate and the systematically different vertical profiles of HCl and 36 Cl in the stratosphere. We conclude therefore that [HCl] stratosphere at CDD will be <1.8 ng g À1 . Thus we cannot totally exclude the possibility that the stratospheric changes related to the changing load of CFC in the stratosphere have also contributed to the change of HCl in winter snow layers after 1965.
The HCl Greenland Records
The Natural HCl Input
[37] The level of HCl in spring and summer Summit snow layers remained close to 4 ng g À1 prior to 1910 and was then enhanced to some 10 ng g À1 after 1970 (Figure 7 ). With respect to the situation at CDD, such a more moderate change over the 20th century indicates a more important contribution of natural HCl emissions there. With the aim to evaluate the representativeness of the Summit profile at the scale of the Greenland ice cap for this short-lived species, we examined the long-term HCl trend in another Greenland ice core. Fischer [1997] investigated the chemical composition of snow layers deposited at another Greenland site (B18, located 400 km north from Summit) since 1500 A.D. on a mean biannual time resolution. Calculating HCl levels from Cl À , ÀNa + , and Ca 2+ by using equation (2), we obtained the long-term trend reported in Figure 8 . The smoothed HCl curve at B18 exhibits similar changes than those seen at Summit with a preindustrial level close to 6 ng g À1 and an increase by a factor of 2 in the 1970s. Thus the HCl long-term Summit trend seen can be considered as well representative for the entire high-elevation Greenland sites.
[38] In spring we can assume that biomass burning is not a significant natural HCl contributor for Greenland snow layers. For summer, Legrand and De Angelis [1996] showed that the NH 4 + level of summer Summit snow layers is significantly influenced by biomass burning emissions from the boreal zone. Savarino and Legrand [1998] pointed out a higher frequency of biomass burning at the turn of the 19th century. Since no change of the HCl levels of summer Summit snow layers deposited at that time can be detected (Figure 7) , we conclude that biomass burning is not the major natural source contributing to the HCl budget of preindustrial Greenland snow layers.
[39] In addition to biomass burning, the two other possible HCl natural sources are natural sea-salt dechlorination and passively degassing volcanoes. On a global scale the volcanic source of HCl is estimated to be in the range of 2 Mt per year [Graedel and Keene, 1995] and remains weak compared to sea-salt dechlorination emissions. However, for Greenland this contribution may be far larger due the rather high volcanic activity taking place in the high north-ern latitude belt. estimated that 12 ng g À1 of preindustrial sulfate level at Summit are due to these passive quasi-permanent volcanic emissions. On the basis of this value and assuming a mean SO 2 to HCl mass ratio in passive volcanic emissions ranging from 1.8 to 18 (i.e., a sulfate to chloride mass ratio of 2.7-27) [Symonds et al., 1988] , we calculate a chloride contribution of this source between 4.5 and 0.45 ng g À1 in Summit snow layers. This estimate does not account for the scavenging process in the water-rich volcanic plumes and for the fact that HCl is some 300 times more soluble in water than SO 2 . For the 1912 Katmai eruption, which injected the debris within the stratosphere, De Angelis and Legrand [1994] found that the HCl deposition of HCl at Summit was 3 times lower than the sulfate one with respect emissions. Therefore the passive volcanic emissions would only account for 1.5-0.15 ng g À1 to the natural HCl level at Summit, and very Figure 8 . Records of chloride, HCl, sodium, and calcium at the B18 north Greenland site. Raw chloride, sodium, and calcium data are from Fischer [1997] . HCl levels were evaluated in a same way than the one applied for the Summit snow layers. The three crosses reported on the right side refer to multiple year means (1873 -1881, 1886 -1901, and 1908 -1922) (horizontal bars are covered time periods, and vertical bars refer to standard deviation). The dashed lines reported along with the HCl trends refer to the contribution of coal burning. The acidity has been calculated by checking the ionic balance following Legrand and De Angelis [1996] . likely, the natural HCl level of 4 ng g À1 is mainly related to the sea-salt dechlorination.
The Anthropogenic Input
[40] At Summit the HCl level in spring snow layers, close to 3.7 ± 1.5 ng g À1 between 1870 and 1900, was enhanced to 5.5 ± 3.0 ng g À1 between 1920 and 1950 ( Figure 7) . The level was then rapidly enhanced up to 10 ng g À1 in the late 1970s. Examining the source region apportionment for sulfate in the Summit spring snow layers, Preunkert et al. [2001b] concluded that the source regions influencing the Greenland ice cap in spring include Eurasia (eastern Europe, Russia, Japan, and Korea) and North America. On the basis of this fact the coal burning contribution was calculated using equation (5) [McCulloch et al., 1999] . Thus growing emissions from coal burning and waste incineration may have accounted for $1 ng g À1 to the observed trend of HCl in spring Summit snow layers. Due to a lower snow accumulation at Summit than at CDD, the estimated upper limit of the stratospheric HCl contribution in 1985 would be slightly higher there ($3 ng g À1 instead of 1.8 ng g À1 at CDD; see section 4.2). As seen in Figure 7 , the spring Summit trend of 6 ng g À1 mainly took place between 1955 and 1970, whereas a significant contribution of stratospheric HCl is expected in the 1980s. In contrast to spring levels, summer HCl levels remained unchanged and close to 4 ng g À1 until 1950 and were then increased by a factor of 2 in 1980 ( Figure 7) . We estimated that the coal burning contribution might account for up to 0.5 ng g À1 in summer Summit layers deposited in the late 1960s. Finally, the contribution of stratospheric HCl is expected to be lower in summer with respect to the spring situation in relation with less frequent intrusion of stratospheric air masses within the troposphere at that season.
[41] Over the 20th century the acidity of spring Summit layers have been enhanced from 1 ± 0.4 meq L À1 at the beginning of the century to 2.3 ± 0.3 meq L À1 between 1920 and 1950. In 1970 the acidity was close to 4.6 meq L À1 (Figure 7) . Such a change of the acidity of Greenland snow layers is related to the acidification of precipitation at high northern latitudes in response to enhanced emissions of SO 2 and NO x [Legrand and De Angelis, 1996] . Note that the changes of acidity developed at the same time as the increase of HCl levels (Figure 7) . In summer the acidity remained close to 1.7 meq L À1 until 1950 and then was increased by a factor of 2 in 1980. As for spring snow layers, the change of the acidity is similar to the HCl trend in summer. Following our conclusion (section 5.1) that seasalt dechlorination is the most likely source of HCl in preindustrial Greenland snow layers, the HCl trends that follow the change of the acidity over the 20th century supports the idea that the dominant acid displacement for the sea-salt dechlorination is controlled by sulfuric and nitric acids [Sievering et al., 1995] . Referring to the change by a factor 2-3 between the preindustrial time and the 1990s, the estimate of 50 Mt of HCl annually emitted at present from sea salt [Graedel and Keene, 1995] would imply that in the natural atmosphere this process produces some 17-25 Mt of HCl per year.
[42] More recently, Erickson et al. [1999] suggested that the acid displacement processes can only produce 7.2 Mt of HCl per year (instead of 50 Mt). Other processes that are not well known (photolysis of dissolved organic compounds and free radical reactions) [see Keene et al., 1999 , and references therein] have been proposed to account for the remaining HCl production. If correct, the HCl Greenland trend would suggest that these processes that are not well known have been enhanced by a factor of 2 over the 20th century, similar to the enhancement of the acidification of the atmosphere.
Conclusions
[43] This study of Cl À , Na + , and Ca 2+ present in precipitation deposited at a high-elevation Alpine site and over Greenland revealed the complexity to calculate the amount of HCl present there. It is shown that an accurate evaluation of this HCl fraction requires a detailed examination of cations in order to evaluate the amount of chloride purely related to halide emissions (sea spray, evaporite, and possibly manure-fertilized field) and soil weathering input, which together represent some 80% of total Cl À . The long-term trend of HCl level in a high-elevation Alpine ice core suggests that in summer, although being highly variable from year to year, biomass burning is on average a significant natural source of HCl over the Alps. Coal burning emissions represented an additional (similar in intensity) source of HCl for these regions in summer throughout the 20th century. The main anthropogenic input comes from waste incineration, which had an impact of 3 -4 times larger than coal burning at the scale of western Europe in the 1970s and 1980s. The contribution of chlorocarbon oxidation appears far lower than expected stimulating further investigation of the atmospheric fates of these species. Although needing to be confirmed by other ice core studies, the increase of winter levels after 1965 may be due to a limited contamination of the free troposphere by HCl waste incineration emissions and possibly to stratospheric HCl changes related to CFC degradation. The presence of HCl in Greenland ice cores is essentially related to sea-salt dechlorination, which was enhanced by a factor of 2 over the 20th century. If the recent finding that the acid displacement of sea salt by SO 2 and NO x only accounts for a minor part of the total sea-salt dechlorination is correct, the Greenland data suggest that major (unknown) dominant sea-salt dechlorination processes have also been enhanced by a factor of 2 over the 20th century.
